In many European cities, heat demand remains mostly supplied by individual fossil fuel boilers, contributing to an inefficient and non-sustainable energy system. In order to decrease the fossil fuel consumption in the heating sector, an improvement of energy efficiency and an increase of renewable energy use must be achieved. This study assesses and compares the impacts of implementing different heat strategies regarding both demand and supply side of the heating system, through a case-study in the city of Geneva, Switzerland. Different heat scenarios for 2035 were developed, based on an input/output hourly energy system model which ensures the matching between heat demand and energy resources. This model is coupled with spatial data that enable to identify the areas where district heating could be developed. The results show the impacts of the different strategies regarding the energy supply, the CO 2 emissions and the related socio-economic costs. The findings demonstrate the importance of district heating networks, which offer the possibility to use local heat sources that otherwise would be unused due to technical, spatial or economic constraints. Compared to a scenario essentially focused on very high energy savings in buildings, a more flexible scenario, combining district heating expansion and a smaller reduction in heat demand, enables to achieve the same reductions in fossil fuel consumption and CO 2 emissions, but with lower socio-economic costs.
INTRODUCTION
In accordance with the IPCC recommendations [1] , the core of the Swiss government sustainability strategy is based on the concept of 1 ton of emitted CO 2 per inhabitant by the end of the 21 st century [2] .
In Geneva, 482,500 inhabitants in 2014, the present CO 2 emissions related to the energy sector represents 4.2 tCO 2 per capita, of which 2.2 emitted by the heating sector, 1.1 by the transport sector (not including the airport) and 0.8 by the electricity sector (considering the Swiss electricity consumption mix of 139 gCO2/kWh) [3] [4] . Consequently the main CO 2 emissions reduction potential lies in the heating sector, which represents about half of the final energy consumption in the city.
In 2014, the energy consumed by the heating sector in Geneva amounts to 5,444 GWh or 40.6 GJ/capita [3] , mainly based on fossil fuels (figure 1). The energy targets of the state of Geneva for 2035 are to reduce this consumption to 29.0 GJ/capita, from which only 19 GJ/capita would be supplied by fossil fuels [5] .
Considering an expected population of 557,000 inhabitants in 2035 [6] , renewable energy resources (RES) in the heating sector should increase from the current 362 GWh to 1,543 GWh, while fossil fuels should decrease from 5,072 to 2,945 GWh. Although it has now been demonstrated that district heating could play an essential role in order to decarbonise the European energy system [7] [8] , its share in the heat market is still marginal in Switzerland (4-5%) [9] and in the city of Geneva (9-10%) [3] .
In this context, fundamental questions were addressed through the project REMUER [10] : What is the role of district heating in order to achieve the energy targets? Is there a synergy or a competition between the development of DH on the one hand and the investments in buildings energy renovation on the other hand? How could be designed the heating system in 2035? And how could it fit into the overall energy system?
RENEWABLE ENERGIES AVAILABILITY AND DH EXPANSION POTENTIAL
Local renewable energy resources potential for the heating sector have been estimated in Geneva and would represent about 5,500 GWh [11] (not including the heat from the outdoor air which is difficult to quantify). The main potential resources identified are geothermal energy (1,000 GWh) and the thermal energy of the lake (4,000 GWh). Although the renewable energy resources potential is large, their integration in the energy system can be limited by: (i) their spatial availability, temporal dynamics and quality (e.g. temperature); (ii) their costs; (iii) their social acceptance.
Some of these local resources can't be used without district heating for two main reasons: (i) the spatial distance between heat source and heat demand, (ii) and the need to share investment costs on a significant number of consumers. In Geneva, the potential for DH expansion is huge, since today it represents only 10% of the heat market while most of the heat demand is located in dense urban areas (figure 2). A spatial analysis of the heat demand density indicates that 70% and 80% of the heat consumption is located in urban areas where the heat density is respectively greater than 250 and 500 MWh/hectare. In such areas, the distribution cost of DH should remain affordable to guarantee its competitiveness when supplied by low cost resources [12] . 
METHODOLOGY
In order to assess the role of district heating in the future energy system, different scenarios were developed in collaboration with the local energy utility company. Different variables were identified in order to make projections for 2035 regarding heat demand evolution and the implementation of different energy technologies. In order to compare the scenarios, an input-output model designed for energy system modelling at a regional scale was developed, inspired from the EnergyPLAN model [13] . The model is based on an hourly time-step which ensures the matching between resources availability, production capacities and the fluctuating heat demand. The load curve of the main DH system is used to characterize the heat demand dynamic [14] . This load curve is then adapted to take into account energy savings (reductions applied solely on space heating demand). Four different types of DH systems can be modelled. The main model outputs are energy balance, costs and CO 2 emissions.
Designing the scenarios for 2035
Four scenarios were developed. The business-as-usual scenario (BAU) extends the trends observed in the recent period. The EE&RES scenario is based on both enhancement of energy savings into buildings and integration of more renewable energy through the development of individual heat pumps, solar thermal energy and the expansion of district heating systems. Compared to the EE&RES scenario, the EE+ scenario is more focused on heat demand reduction and less on renewable energies integration, whereas this is the opposite logic in the RES+ scenario (figure 3). 
Future heat demand projection
In each scenario, two important variables that partly determine the future heat demand are identical: (i) the population growth: 557,000 inhabitants in 2035; (ii) and the decreasing heating degree-days (-13 HDD per year) as observed since 1960 [15] . Considering new buildings, it is assumed that 71m 2 of heated floor area (HFA) will be constructed per additional inhabitant, with a specific heat demand of 180 MJ/ m 2 /y.
The estimation of heat demand reduction in existing buildings is carried out from a buildings database which contains the current annual heat consumption as well as the heated floor area of about 70% of the total heated building stock [16] , completed by extrapolations for the remaining buildings [17] [18] . On the basis of these data, gross energy savings potentials are estimated, assuming that the specific heat demand of all buildings consuming more than 300 MJ/m 2 /y is reduced to a target value specifically defined in the four scenarios ( figure 4 and table 1 ). The effective amount of saved energy subsequently depends on the refurbishment rate, which is defined here as the percentage of the annual energy savings potential to be achieved each year. Heat demand after retrofit Current heat demand
Energy savings potential
Figure 4: Gross heat savings potential. Scenario EE&RES
In the EE&RES scenario, the heat demand reduction through energy efficiency measures in the existing buildings amounts to 663 GWh/y, compared to 2014 (table 1) . This saved energy represents a 17% decrease in the total current heat consumption of the existing buildings with a specific heat demand greater than 300 MJ/m 2 /y. This reduction is more important in the EE+ scenario (-28%), and lower in the BAU and RES+ scenarios (respectively -5 and -9%). Table 1 : Renovation rate and specific heat demand of the energy renovated buildings in each scenario
Future energy infrastructures
The buildings heat supply in the four scenarios is described in table 2. The energy system in the BAU scenario doesn't differ much from the current system that is mainly based on individual fossil fuels boilers. In the EE&RES and RES+ scenarios, district heating is extended, supplying respectively 30 and 40% of the heat demand. The market share of individual heat pumps (HP) is also respectively increased to 20 and 25%. In the EE+ scenario, renewable energy technologies are slightly less developed. It is obvious that the development of district heating is relevant when it allows recovering renewable and waste heat. The DH production, transport and storage infrastructures are described in the table 3. In scenarios with DH expansion, the main share of base loads is supplied by waste heat, medium/deep geothermal heat and large scale heat pumps. As an important development of heat pumps (individual and centralized) increase the electricity consumption, especially in winter, gas cogeneration units are also implemented in the EE&RES and RES+ scenarios.
Eventually, large scale seasonal storage capacities are also integrated in those scenarios with the aim to shift a part of remaining excess heat wasted in summer.
The total network length in the different scenarios can be estimated by using a simplified method [19] which is based on the ratio between the current DH length and the road network length in the DH areas. In average, this ratio is 0.9. By knowing the total road network length, this value could be used for extrapolations. Individual solar energy production is considered in every scenario. Hourly distributions of solar PV and solar thermal production for domestic hot water come from actual measurements [20] [21] . The PV potential identified in Geneva corresponds to 550-650 MW [22] [23] . In each scenario, the PV capacities installed are 400 MW (+13% each year), this value representing the 2035 objective [5] . The hourly comparison between PV production and electricity consumption of HP enables to determine the share of the PV production that can effectively be used in the heating sector. The remaining PV production is logically not considered as an energy input for the heating sector. Regarding solar thermal, only systems supplying domestic hot water are considered in this study. The potential identified represents around 200 GWh/y [22] [23] . In the BAU scenario, the total solar thermal panels' surface is 
Quantifying the total economic costs
Data about investment costs related to production, storage and transport infrastructures were gathered from the main energy utility company, and are compiled in the table 5 [24] . The specific costs are generally related to average size infrastructures. In order to estimate the cost of energy efficiencies measures in buildings, a cost curve was developed based on data from [25] . This curve enables to take into account the fact that energy efficiency measures become more expensive as larger savings are achieved ( figure 5 ). All the investment costs were annualized with an assumed 2.5% interest rate. Of course, predicting the future energy prices is very difficult. Based on some hypothesis elaborated in collaboration with the main utility company, prices in 2035 have been defined and are presented in the 
RESULTS

Energy balance and CO 2 emissions
The main differences in the four scenarios are the level of energy efficiency measures and the level of RES integration. As it is shown in the figure 6, the total heat demand in the four scenarios decrease between 6% (BAU) and 24% (EE+) compared to 2014, although the population is more important (+15%). As district heating is extended in the EE&RES and RES+ scenarios, more renewable energies can be integrated, especially from geothermal energy and large scale heat pumps (figure 7). In the EE&RES and RES+ scenarios, the electricity consumed by heat pumps is partly offset by the production of CHP units, which simultaneously provide heat to the DH system. Although the PV production is relatively high (380 GWh), only a small share of this renewable electricity production (8-13%) can effectively be used for heat pumps due to the temporal mismatch between heat demand and solar resource ( figure 9 ). This is the reason why the imported electricity in the scenario EE+ is more important, especially in winter, even though fewer heat pumps are integrated. In terms of fossil fuels consumption and CO 2 emissions, the three scenarios EE&RES, EE+ and RES+ are quite similar. As it is displayed in the figure 11 , the total fossil fuel consumption (gas+oil) in these scenarios decrease between -45% (EE+) and -49% (RES+) compared to 2014. Such reductions enable achieving the fossil fuel reduction target for 2035. By contrast, the BAU scenario does not allow it (figure 12). The total energy consumption reduction target in the heating sector is only achieved in the EE&RES and EE+ scenarios. However, the BAU and RES+ scenarios are close to it: respectively +2.9 and +1.6 GJ/capita compared to the target value. It should be noticed that the imported electricity (total electricity consumed by HP minus the PV and CHP production used by HP) is not converted into primary energy in this analysis, and that the CO 2 content of this electricity is integrated and corresponds to the Swiss electricity consumption mix [4] . In the EE+, RES+ and EE&RES scenarios, CO 2 emissions in the heating sector are lowered from the current 2.2 tCO 2 /capita to about 1 tCO 2 /capita (figure 12).
Socio-economic costs
On the basis of the assumptions made regarding investment costs and energy prices, the results indicates that the EE+ scenario has higher annual costs than both RES+ and EE&RES scenarios (respectively +31% and +18%), while achieving about the same level of fossil fuels consumption and CO 2 emissions ( figure 13 ). The three scenarios have relatively similar CO 2 and fuels costs, but the investment costs in the EE+ are more important due to the deep retrofitting of a significant share of the buildings stock.
The annual costs in the RES+ and EE&RES scenarios are quite similar to the BAU scenario. The main difference is the structure of the costs. As more district heating and renewable production units are developed in the RES+ and EE&RES scenarios, the heating system in these scenarios is more expensive. Moreover, additional investments are made in end-use energy savings. This increase in investments costs, however, is offset by the fuel and CO 2 cost reduction. Such a cost structure offers a double socio-economic benefit: reducing capital flight on the one hand, and local jobs creation on the other hand. Of course, the annual cost difference between the BAU scenario and the other three is closely linked to the energy and CO 2 prices assumed.
DISCUSSION
The results show the importance of the CO 2 emission savings potential in the heating sector. Regarding the economic analysis, it should be noticed that the building retrofits costs are difficult to estimate. In this study, the costs only refer to measures that increase the energy buildings' efficiency. However, they involve some co-benefits that are difficult to quantify, such as additional comfort, increased building's value or indirect contribution to unavoidable building maintenance. Although these co-benefits are not taken into account, it should be mentioned that the costs used in this study are relatively low with respect to a benchmark performed on a sample of retrofitted buildings in Geneva [18] .
Besides being more expensive, the EE+ scenario will probably be more difficult to implement. First, deep energy renovations require the building's owners to have high investment capacities. Secondly, from a technical point of view, some studies demonstrated that the actual energy savings are often significantly lower than the energy standards and the expected calculated values [18] . Last but not least, from a certain point, deep renovations may become a problem regarding the conservation of the architectural heritage [26] . This issue could also increase the buildings retrofitting costs.
In contrast, the RES+ and EE&RES scenarios, besides being cheaper than the EE+ scenario, seem easier to implement. In comparison with the EE+ scenario, which is very dependent on the implementation of significant heat savings, the RES+ and EE&RES scenarios offer more flexibility by leaving more choices to each particular situation.
In addition, the fact that renewable energy integration in the heating sector will partly be based on the development of heat pumps could involve an increase of the electricity consumption, especially in winter. In order to limit the electricity imports during this season, the development of CHP units seems necessary, especially since the Swiss parliament decided to ban nuclear energy. In this regard, it should be kept in mind that in Europe, the current marginal electricity production in winter is still essentially based on fossil fuels thermal plants. In this way, the need to develop CHP is another reason that enhances the importance of DH extension.
On the other hand, DH allows to link CHP, HP (both technologies at the interface between electrical and DH networks) and storage facilities. This integration increase the flexibility of the overall energy system, which will be a key point for the massive integration of fluctuating renewable production such as wind power (not considered in this study because its regional potential is very low) [27] .
Another important point in the scenarios developed is the fact that, even if its use will be lowered by 2035, natural gas will still play an important role in the heating system. However, whereas it is currently essentially used as fuel for individual boilers, it will be used in a more efficient and valuable way by supplying further both CHP and peak-load boilers.
Lastly, it should be noted that part of the waste heat at low temperature used by heat pumps (individual or centralized) in the different scenarios may come from district cooling systems. In this study, the energetic impacts on the cooling sector (reduction of the electricity consumption) have not been taken into account, as well as the cost related to district cooling networks.
CONCLUSION
The aim of this study was to assess different strategies regarding the future heating system and its integration into the overall energy system. The findings demonstrate the importance of district heating networks, which offer the possibility to use local heat sources that otherwise would be unused due to technical, spatial or economic constraints. Compared to a scenario essentially focused on very high energy savings in buildings, a more flexible scenario, combining district heating expansion and a smaller reduction in heat demand, enables to achieve the same reductions in fossil fuel consumption and CO 2 emissions, but with lower socio-economic costs.
Therefore the key messages are: (i) energy strategies should consider both demand and supply side of the energy system, (ii) district heating should be considered as an essential infrastructure for achieving sustainable cities.
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